Very recently, the interest in nonpolar group-III nitride heterostructures has increased remarkably. [1] [2] [3] The reason for this surge of activity is the absence of internal electrostatic fields in these structures, unlike in conventional C-plane ͓͑0001͔-oriented͒ structures, where these fields inevitably reduce the internal quantum efficiency. Nonpolar GaN/ ͑Al,Ga͒N multiple quantum wells ͑MQW's͒ have been realized, either grown on ␥-LiAlO 2 (100) ͓LAO͑100͔͒ ͑Ref. 4͒ or on R-plane (11 02) sapphire. 1 However, nonpolar ͑In,Ga͒N/GaN MQW's have not been synthesized yet. Our previous attempt produced a predominantly C-plane structure because of the inappropriate nucleation conditions. 5 Here, we employ a low-temperature GaN instead of an AlN nucleation layer, resulting in pure M-plane growth.
In this Rapid Communication, we report on the growth of M-plane ͑In,Ga͒N/GaN MQW's on LAO͑100͒ and a detailed investigation of their structural and optical properties. We have fabricated a number of structures with different In content (5 -10 %) and well width ͑2-4 nm͒, which exhibit emission energies between 3.0 and 3.35 eV. In contrast to the GaN/͑Al,Ga͒N MQW's studied in our previous work, 4 the recombination dynamics observed for all of the present In 0.1 Ga 0.9 N/GaN MQW's is nonexponential and significantly slower than expected for free excitons. Focusing on one exemplary sample, we provide various indications for the absence of internal electrostatic fields in these MQW's. The complex photoluminescence decay observed is attributed to the presence of localized states.
The ͑In,Ga͒N/GaN MQW's were grown on LAO͑100͒ by rf plasma-assisted molecular-beam epitaxy, equipped with reflection high-energy electron diffraction ͑RHEED͒ for in situ monitoring of the growth. The as-received 1ϫ1 cm 2 LAO substrates were degreased with organic solvents and dipped briefly ͑30 s͒ in deionized water. Next, the LAO substrate was soldered onto a Si wafer with In, which is clipped to a Mo holder. Prior to growth, the substrate was outgassed in the load-lock chamber for 1 h at 200°C. Growth was initiated at 660°C and Ga-rich conditions for the first 70 nm of GaN, after which the temperature was increased to 750°C for the remaining 500 nm. Note that a low-temperature and Ga-rich nucleation stage is crucial for obtaining pure M-plane GaN films. 6 For the deposition of the ͑In,Ga͒N/GaN MQW, the substrate temperature was lowered to 610°C. Gastable conditions were used for the buffer layer and slightly N-rich conditions for the MQW. The RHEED pattern was entirely streaky along the ͓112 0͔, but modulated along the ͓0001͔ azimuth. Indeed, atomic force micrographs ͑not shown here͒ display a highly anisotropic surface morphology with smooth stripes running along the ͓112 0͔ direction. The peak-to-valley roughness amounts to 30 nm over 3 ϫ3 m 2 , and the rms roughness is 3.7 nm over the same area. The samples were then analyzed by high-resolution x-ray diffraction, continuous-wave ͑cw͒ and time-resolved photoluminescence ͑PL͒ spectroscopy. Symmetric x-ray -2 scans were taken with a Philips X'Pert PRO triple-axis diffractometer equipped with a Cu K␣ 1 source in the focus of a multilayer x-ray mirror, a four-bounce Ge͑022͒ monochromator in dispersive configuration, and a two-bounce Ge͑022͒ analyzer. Cw-PL spectra at various temperatures were recorded using a 325-nm He-Cd laser with an excitation intensity of 10 W/cm 2 . Time-resolved PL ͑TRPL͒ measurements at 7 K and at various excitation fluences were performed with a frequency-doubled Ti:sapphire laser with a photon energy of 3.4 eV, a pulse width of about 200 fs, and a repetition rate of 4.75 MHz. For detection, a Hamamatsu C5680 streak camera was used. Figure 1 shows an -2 scan for the 20-period In 0.1 Ga 0.9 N/GaN MQW we will focus on in this paper. The nominal structural parameters of this MQW, extracted from previous runs on SiC͑0001͒, are well and barrier thicknesses of 2 and 7 nm, respectively, and an In content of 15%. Several important conclusions can be drawn from this scan.
͑i͒ No additional signal is detected at the position of either GaN͑0002͒ or in between GaN͑0002͒ and In 0.1 Ga 0.9 N(0002), demonstrating that the entire structure has the expected orientational relationship, i.e., ͓11 00͔ (In,Ga)N ʈ͓100͔ LAO . Additional resonant Raman measurements ͑not shown here͒ demonstrate that the structure also fulfills the expected in-plane orientation relationship, namely,
͑ii͒ The angular separation between the LAO͑200͒ and GaN(11 00) reflections indicates a lattice dilation of 0.63% along the growth direction, i.e., ͓11 00͔, for the GaN buffer. This fairly high strain is at least partly a result of the coherent growth of GaN(11 00) on LAO͑100͒ along the ͓0001͔ direction, 7 where the lattice mismatch amounts to only 0.3%. The mismatch in thermal expansion, of course, is also compressive and enhances this effect.
͑iii͒ First-order superlattice satellites are observed, demonstrating the periodicity of the structure and allowing us to determine its structural parameters. A kinematical analysis 8 yields well and barrier thicknesses of 1.9 nm and 6.6 nm, respectively, and an In content of 10%. The simulation based on dynamical diffraction theory, an exact incidence parameter, 8 and these kinematically obtained parameters is seen to agree with the experiment ͑cf. Fig. 1͒ in view of the angular positions of the reflections. A significant broadening is observed, however, for the experimental data, particularly so for the higher-order satellites. This broadening is at least partially caused by inhomogeneous strain ͑cf. SL 0 in Fig. 1͒ , but also by interface roughness.
It is important to note that these data do not allow us to discriminate between different spatial distributions of the In content for the lack of higher-order satellites and the broadening of the lower-order satellites. 8, 9 We thus cannot detect whether or not In surface segregation plays an essential role here. Figure 2 shows the evolution of the cw PL spectra from 5 to 300 K for the sample under investigation. The dominant emission centered at 3.13 eV stems from the In 0.1 Ga 0.9 N/GaN MQW. Interestingly, we also observe emission at 3.36 eV originating from excitons bound to stacking faults in GaN, 10 and at 3.499 eV from the (D 0 ,X) transition in GaN. The energy position of the latter indicates a large compressive strain, 11, 12 which is consistent with the x-raydiffraction measurements described above. However, the observation of luminescence from GaN alone is interesting, since we never detected any signal from GaN in the case of C-plane In 0.1 Ga 0.9 N/GaN MQW's with a total thickness, as the present sample, exceeding the penetration depth of the laser. The lack of GaN luminescence in that case is plausible: the internal electrostatic fields in the barriers of C-plane In 0.1 Ga 0.9 N/GaN MQW's rapidly separate electrons and holes and direct them to the wells, thereby enhancing the capture efficiency. The observation of rather strong luminescence from the GaN barriers in the present sample may thus be taken as a manifestation of the absence of internal electrostatic fields.
A quantitative comparison of the transition energy is, in contrast to our previous investigation of GaN/͑Al,Ga͒N MQW's, 4 difficult for the following reasons. Surface segregation of In, if present, may strongly distort the intended compositional profile and result in a large blueshift of the transition. 13 Compositional fluctuations, on the other hand, will lead to a redshift. Finally, the biaxial strain within the In 0.1 Ga 0.9 N wells is inherently anisotropic and affects the band structure in a more complex way than the isotropic biaxial strain in C-plane structures.
14 Neglecting these com- Ϫ1 , where E a1 and E a2 are the thermal activation energies and c 1 and c 2 are the weights of the respective nonradiative dissociation channels. The fit returns activation energies E a1 and E a2 of 11 meV and 95 meV, respectively.
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plications and assuming that piezopolarization and spontaneous polarization in this M-plane structure are absent, i.e., the MQW has a ''flat band'' profile, we obtain a transition energy of 3.13 eV. This exact agreement with the experimental value is of course fortuitous, as we would expect the actual transition energy to be lower by the exciton binding energy and, as we will see below, the energy of localized states. It is thus likely that In surface segregation occurs just as in the case of C-plane ͑In,Ga͒N MQW's, 9,13 and causes a higher transition energy than theoretically anticipated. However, we found that the PL transition energies from similar structures with wider wells seem to depend solely on the In content in the well and not on the quantum well width, which provides another indication of the absence of internal fields in these structures. Still, it is evident that a direct proof for the presence or absence of internal electrostatic fields in the present structures is considerably more difficult than in GaN/ ͑Al,Ga͒N MQW's, where neither surface segregation nor compositional fluctuations ͑both of which might even depend on the In content͒ need to be considered.
The inset of Fig. 2 shows an Arrhenius plot of the integrated cw PL intensity of the MQW. The total PL intensity of the M-plane MQW is reduced by a factor of 25 when the temperature is increased from 5 to 300 K. Beyond 70 K, the luminescence is thermally quenched with an activation energy of about 95 meV. Still, this MQW's PL intensity ranks highest among our samples and those we have obtained from other groups ͑including samples fabricated by metal-organic vapor phase epitaxy͒, particularly so at room temperature. Figure 3 shows TRPL transients after the excitation of the wells only with different excitation fluences. The initial decay is rapid, faster than that we have observed for C-plane MQW's with similar structural parameters. The transients, however, cannot be fitted by either a biexponential or a stretched exponential. [15] [16] [17] [18] [19] [20] It is worth noting that the transients exhibit an identical behavior for different excitation fluences. This finding is in complete contrast to C-plane MQW's, where screening of the electric field occurs at these carrier densities (10 18 cm Ϫ3 ), and as such provides a further sign for the actual absence of internal electrostatic fields. Figure 4 shows the transient obtained with the highest excitation fluence plotted as ln"ln͓I 0 /I(t)͔… vs ln͑t͒, in which a stretched exponential would be a straight line. Obviously, the data cannot be represented by a stretched exponential. The key for understanding the recombination dynamics for this sample is displayed in the inset of Fig. 4 . The PL band exhibits rapid spectral diffusion during the first 500 ps after excitation. For longer time, the PL band still redshifts, but significantly slower.
We interpret this finding as follows: following excitation at 3.4 eV, the photogenerated excitons thermalize and initially occupy extended states in the QW. These free excitons then rapidly relax towards lower-lying localized states, which is the reason for the rapid spectral diffusion as well as for the rapid initial decay of the PL transient. Once reaching the localized states, the excitons are subject to a much slower redistribution within the band of localized states, described by a stretched exponential. 15 Mathematically, we thus deal with the following situation:
where G(t) is the excitation pulse, n f and n b are the densities of free and bound excitons, respectively, f and b are the corresponding radiative lifetimes, r is the relaxation time, and ␤ is the dimensionality parameter. This rateequation system has no analytical solution, but we have Figs. 3 and 4 were made with identical parameters ͑except, of course, for the amplitude͒, namely, r Јϭ0.2 ns, b Ј ϭ1 ns, ␤Јϭ0.68. The former value is a superposition of both relaxation and radiative recombination of free excitons, and thus cannot be decomposed. The latter parameters, however, roughly correspond to b ϭ3 ns and ␤ϭ0.5 as judged from our numerical simulations of Eqs. ͑1͒ and ͑2͒. These are similar values as found for nonpolar cubic ͑In,Ga͒N.
20,21
Finally, it is interesting to note that the energy shift displayed in the inset of Fig. 4 is logarithmic in nature and can be described by ⌬EϭϪkT ac ln(t), with the acoustic-phonon temperature T ac and the attempt-to-escape rate Ϸ10 12 s Ϫ1 . This logarithmic relaxation has been observed before, both for the case of multiple-trapping relaxation of carriers within a band of localized states 22 and for relaxation of excitons towards localized states in quantum wells. 23 The temperatures required to fit our data are found to be significantly higher than the actual lattice temperature, namely, 50 K for the short-time region and 20 K for the long-time region. This behavior is identical to that observed by Göbel and Graudszus, 22 and has been attributed to the fact that the relaxation process itself proceeds by the generation of phonons, thus increasing the phonon population over the thermal equilibrium value. In this context, the difference of the phonon temperatures extracted from our experiments is easy to understand: while the relaxation of free excitons towards localized states proceeds exclusively by the generation of phonons, excitons-once occupying localized stateshave to rely at least partly on existing phonons to assist them to migrate within the band of localized states.
In conclusion, we have shown that the synthesis of M-plane In 0.1 Ga 0.9 N/GaN MQW's is feasible. These structures are expected to be inherently free of internal electrostatic fields along the growth direction. In fact, we have found various indications for this expectation, none of which are conclusive by themselves, but when taken together, provide persuasive evidence for the absence of these fields. The complex recombination dynamics observed thus directly demonstrates the existence of localized states, and can indeed be consistently described by a simple model taking into account both the relaxation of excitons towards localized states and their spatiotemporal redistribution within the band of localized states. Finally, the higher room-temperature PL intensity of these structures when compared to M-plane GaN/͑Al,Ga͒N MQW's evidences the beneficial role of localization in this materials system even in the absence of internal electrostatic fields.
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